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Chapter 20: Carboxylic Acids 


H, © 
‘Se fo) 
H,C7~ . a “H 
O 


(S)-lactic acid 


a) 


(S)-lactic acid 
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Introduction 


°The functional group of carboxylic acids consists 
of a C=O with —OH bonded to the same carbon. 


The carboxyl group is usually written —COOH. 


°Aliphatic acids have an alkyl group bonded to — 
COOH. 


*Aromatic acids have an aryl group. 


°Fatty acids are long-chain aliphatic acids. 
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Common Names 


c—C—C=¢€—C— Con 
c xc » BB 


i. = 3 
CH,—CH—C—OH CH=CH =CH3—C—0H CH,—CH—CH,—C— OH 
p- yf « y  #B a 

a -chloropropionic acid y-aminobutyric acid isovaleric acid 


(B-methylbutyric acid) 


eMany aliphatic acids have historical names. 


°Positions of substituents on the chain are labeled 
with Greek letters starting at the carbon attached 
to the carboxylic carbon. 
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IUPAC Names 


O 
I 
) 0 ater —e al 
H—C—OH CH,—C—OH  CH,—CH—C—OH CH,CH,CH, 
. i 2 1 ay Sr 
IUPAC name: methanoic acid ethanoic acid 2-cyclohexylpropanoie acid 2-acetylpentanoic acid 
common name: formic acid acetic acid a-cyclohexylpropionic acid a-acetylvaleric acid 
Ph 0 CH, 


NH, 0 
| I ] 


3 2 


I I . 
CH;—CH,—CH,—C—OH CH,—CH,—CH—CH,;—C—OH — CH,—CH—CH,—C—OH 
4 EJ 2 1 5 4 Ee x 1 4 3 2 1 


IUPAC name: 4-aminobutanoic acid 3-phenylpentanoic acid 
common name: -aminobutyric acid B-phenylvaleric acid 


3-methylbutanoic acid 
isovaleric acid 


eRemove the final -e from the alkane name, and 


add the ending -o/c acid. 


°The carbon of the carboxyl group is number 1. 
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Names and Physical Properties of 


C « IUPAC Name Commo Formula Solubility 


n Name (g/100 g 
H,O) 

methanoic formic HCOOH 8 101 co (miscible) 
ethanoic acetic CH,COOH 17 118 00 
propanoic propioni | CH;CH,COOH -21 141 co 

G 
prop-2-enoic acrylic H,C=CH-COOH 14 141 oo 
butanoic butyric | CH; (CH,),COOH -6 163 oo 
2-methylpropanoic | isobutyri | (CH;),CHCOOH -46 155 23.0 

c 
trans-but-2-enoic crotonic | CH;-CH=CH-COOH | 71 185 8.6 
pentanoic valeric CH,(CH,;) ;COOH -34 186 31 
2,2- pivalic (CH,);C-COOH 35 164 255) 
dimethylpropanoic 
hexanoic caproic | CH,(CH,),COOH -4 206 1.0 
octanoic caprylic | CH,(CH,);COOH 16 240 0.7 
decanoic capric CH,(CH,),COOH 31 269 0.2 
dodecanoic lauric CH,(CH;),,C00H 44 i (insoluble) 
tetradecanoic myristic | CH,(CH,),,COOH 54 i 

é hexadecanoic palmitic | CH,(CH,),,COOH 63 i 


Unsaturated Acids 


COOH 
CH;—CH) H 
G 5% 


C=C Sc=c” 
Ja ON f 3S CH; 
H;C CH, COOH H COOH 


CH; 
(E)-4-methy]-3-hexenoic acid 3,3-dimethylcyclohexanecarboxylic acid 
(E)-4-methylhex-3-enoic acid 


old IUPAC name: 


trans-3-phenyl-2-propenoic acid 
new IUPAC name: 


(E)-3-phenylprop-2-enoic acid 


(cinnamic acid) 


*Remove the final -e from the alkene name, and 
add the ending -o/c acid. 


°Start numbering at the carboxy! group and the 
location of the double bond is given. 


°Stereochemistry is specified (F or Z). 
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Aromatic Acids 


COOH 
on jou oul jouw a0 
H.N OH H,C ¢ 4 
benzoic acid p-aminobenzoic acid o-hydroxybenzoic acid p-methylbenzoic acid a-naphthoic acid 


(salicylic acid) (p-toluic acid) 


eAromatic acids are named as derivatives of 
benzoic acid. 


° Ortho-, meta-, and para- prefixes are used to 
specify the location of a second substituent. 


*Numbers are used to specify locations when more 
than two substituents are present. 
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Dicarboxylic Acids 


°Aliphatic diacids are usually called by their 
common names using Greek letters beginning 
with the carbon next to the carboxyl group. 


¢For the IUPAC name, number the chain from the 
end closest to a substituent. 


Br f@) QO CH, Ph fe) 


| | | I | | 
HO—C—CH,—CH—CH,—CH,— C—OH HO—C—CH—CH—CH,—C—OH 
a B a B 


f-bromoadipic acid a-methyl-6-phenylglutaric acid 
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Names and Physical Properties of 
Dicarboxylic Acids 


IUPAC Name Common Solubility 
Name (g/100 g 

H,O) 

ethanedioic oxalic HOOC-COOH 189 
decomposes 
propanedioic malonic HOOCCH,COOH 136 74 
butanedioic succinic HOOC(CH,),COOH 185 8 
pentanedioic glutaric HOOC(CH,),COOH 98 64 
hexanedioic adipic HOOC(CH,),COOH 151 
heptanedioic pimelic HOOC(CH,),COOH 106 
cis-but-2-enedioic maleic cis-HOOCCH=CHCOOH ~ 130.5 79 
trans-but-2-enedioic fumaric trans- 302 sublimes OF 
HOOCCH=CHCOOH 

benzene-1,2- phthalic 1,2-C,H,(COOH), 231 0.7 
dicarboxylic 
benzene-1,3- isophthali 1,3-C,H,(COOH), 348 0.54 
dicarboxylic G 
benzene-1,4- terephthal 1,4-C,H,(COOH), 300 sublimes 0.002 
dicarboxylic ic 
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Structure of the Carboxy|l 
=. 


| 132A 
125° ‘ 
CRE ee" “| 0.97A 
CY VHA 
“Te HO 
bond bond lengths 


*The sp? hybrid carbonyl carbon atom is planar, 
with nearly trigonal bond angles. 


*The O—H bond also lies in this plane, eclipsed 
with the C=O bond. 


The sp? oxygen has a C—O—H angle of 106°. 
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Resonance Structures of Formic 
Acid 


HW Yo” Ww “OX 


major minor 


*One of the unshared electron pairs on the 
hydroxyl oxygen atom is delocalized into the 
electrophilic pi system of the carbonyl group, O— 
H eclipsed with C=O, to get an overlap of the z 
orbital with an orbital of a lone pair on oxygen. 
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Boiling Points 


O---H—O 
V4 \ 
R—C C—R 
™% @ 
O—H::-O 


hydrogen-bonded acid dimer 


*Carboxylic acids boil at considerably higher 
temperatures than do alcohols, ketones, or 
aldehydes of similar molecular weights. 


°The high boiling points of carboxylic acids result 
from formation of a stable, hydrogen-bonded 
dimer. 
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Melting Points 


*Aliphatic acids with more than eight carbons are 
solids at room temperature. 


*Double bonds (especially cis) lower the melting 
point. The following acids all have 18 carbons: 
-Stearic acid (saturated): 72 °C 
-Oleic acid (one cis double bond): 16 °C 
-Linoleic acid (two cis double bonds): -5 °C 
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Solubility 


*Water solubility decreases with the length of the 
carbon chain. 


*Acids with more than 10 carbon atoms are nearly 
insoluble in water. 


°They are very soluble in alcohols. 


*They are also soluble in relatively nonpolar 
solvents like chloroform because the hydrogen 
bonds of the dimer are not disrupted by the 
nonpolar solvent. 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 15 


Acidity of Carboxylic Acids 


[R—CO,-][H,0*] 
= [R—CO,H] 
pK, = —logiy K, 


°A carboxylic acid may dissociate in water to give a 
proton and a carboxylate ion. 


*The equilibrium constant K, for this reaction is 
called the acid-dissociation constant. 


¢The acid will be mostly dissociated if the pH of the 
solution is higher than the pK, of the acid. 
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Values of K, and pK, for 
Carboxvlic Acids and 


Formula Name Values 
+ Simple carboxylic acids 
D | Cc K, (at 25°C) pK, 
HCOOH formic acid 177x104 3.75 
CH;COOH acetic acid 1.76 10° 4.74 
CH3CH,COOH propionic acid 1.34x 10° 487 
CH3(CH2),;COOH butyric acid 1.54 10° 4.82 
CH3(CH);COOH pentanoic acid 152x109 481 
CH3(CH),COOH hexanoic acid 131x 10 4.88 
CH3(CH3)sCOOH octanoic acid 1.28 x 10° 4.89 
CH3(CH3),COOH decanoic acid 1.43 x 105 4.84 
CsHsCOOH benzoic acid 6.46 x 10°5 4.19 
p-CH3CsHCOOH p-toluic acid 4.33 x 10 4.36 
p-CICgH,COOH p-chlorobenzoic acid 1.04x 107 3.98 
p-NO;CHyCOOH p-nitrobenzoic acid 3.93 10 3.41 
Dicarboxylic acids 
Kay PKay Ko PK 
HOOC—COOH oxalic 54x 107 127 5.2% 10% 4.28 
HOOCCH,COOH malonic 14x 107 2.85 2.0 10° 5.70 
HOOC(CH}),COOH succinic 64x 10> 4.19 23x 10° 5.64 
HOOC(CH;);COOH glutaric 45x10 4.35 3.8x 10° 5.42 
HOOC(CH;),COOH adipic 3.7105 4.43 39x 10° S41 
cis-HOOCCH=CHCOOH maleic 1.0107 2.00 55x 107 6.26 
trans-AOQOCCH=CHCOOH fumaric 9.6 104 3.02 4.110% 4.39 
1,2-CgH4(COOH) phthalic 11x 103 2.96 4.0 10° 5.40 
1,3-CgH4(COOH) isophthalic 24x10 3.62 25x10° 4.60 
1,4-CgH4(COOH) terephthalic 2.9x 104 3.54 3.5X 10% 4.46 
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Energy Diagram of Carboxylic 


Acids and Alcohols 


a a sas Ka l6 
R—O—H + H,O -— =. R—O: + H,O* (K' 210-5 
alcohol alkoxide 
a 6: a 
I . Va : pK,= =5 
R—C—O—-H + H,O: <== RC, — R—C + H,0* (x°2 10-5) 
acid Oo. No: 
carboxylate 
+  H,Ot 
R—OH + H,O 
i i 
2a R— a + H,Ot 
g R—COOH + H,0 a eli 
an. 
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Acetate lon Structure 


Each oxygen atom bears half of the negative 
charge. 


*The delocalization of the negative charge over the 
two oxygens makes the acetate ion more stable 
than an alkoxide ion. 
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Substituent Effects on Acidity 


ii ii ii an 
H c Cc—0—H Cl ii c=0=H Cl c C—O=H Cl-—C—€=—0— 
H H Cl Cl 
acetic acid chloroacetic acid dichloroacetic acid trichloroacetic acid 
pK, = 4.74 pK, = 2.86 pK, = 1.26 pK, = 0.64 
: O “ O Cl 7 
CH,—CH,—CH,—C—OH CH,—CH—CH,—C—OH  CH,—CH,—CH—C—OH 
4-chlorobutanoic acid 3-chlorobutanoic acid 2-chlorobutanoic acid 
pk, = 4.52 pK, = 4.05 pK, = 2.86 


° The magnitude of a substituent effect depends on 
its distance from the carboxyl group. 
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Aromatic Carboxylic Acids 


COOH COOH COOH COOH COOH 
; ; NO, 
NO> 
OC H3 NO, 
p-methoxy benzoic acid m-nitro p-nitro o-nitro 
pK, = 4.46 4.19 3.47 3.41 2.16 


°Electron-withdrawing groups enhance the acid 
strength, and electron-donating groups decrease 
the acid strength. 


°Effects are strongest for substituents in the ortho 
and para positions. 
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Values of K, and pK, for 


Substituted Ca 


@ Pearson 


F,CCOOH 
Cl,CCOOH 
Cl,CHCOOH 
O,N—CH,COOH 
NCCH,COOH 
FCH,COOH 
CICH,COOH 
CH,CH,CHCICOOH 
BrCH,COOH 
ICH,COOH 
CH,OCH,COOH 
HOCH,COOH 
CH,CHCICH,COOH 
PhCOOH 


PhCH,COOH 
CICH,CH,CH,COOH 


CH,COOH 
CH,CH,CH,COOH 
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a 

5.9 X 107! 
2.3 * 107! 
5.5 X 10-2 
2.1 X 107-2 
3.4 xX 10-3 
2.6 X 10-3 
1.4 X 10-3 
1.4 x 1073 
1.3 X 10-3 
6.7 X 10-4 
2.9 X 10-4 
1.5 X 10-4 
8.9 X 1075 
6.46 X 1075 
4.9 X 10-5 
3.0 * 1075 


1.8 X 10-5 
1.5 X 1075 


pKa 


4.82 


stronger acids 


rboxvlic Acids 
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Deprotonation of Carboxylic 
Acids 


I | 
R—C—O—H + Mt-OH -= R—C—O- M* + HO 


carboxylic acid strong base acid salt water 


The hydroxide ion completely deprotonates the 
acid to form the carboxylate salt. 
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Protonation of Carboxylic 
Acids 
1 1 
R—C—o- Mt + He =" R-C—O—H + Mt 
acid salt regenerated acid 


Example 


1 O 


CH3—C—O- Na* + H*Cr 


CH;—C—OH + Na*tCl 
sodium acetate 


acetic acid 


°Adding a strong acid, like HCl, regenerates the 
carboxylic acid. 
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Naming Carboxylic Acid Salts 


¢ First name the cation. 


*Then name the anion by replacing the -/c acid 
with -ate. 


I I 
CH,CH,CH,CH,—-C—OH + LiOH —> CH,CH,CH,CH,—C—O- Lit 


IUPAC name: pentanoic acid lithium hydroxide lithium pentanoate 
common name: valeric acid lithium valerate 
I i 
CH,CH,CH,—-C—OH +  +¢NH, —> CH,CH,CH,—C—O- NH, 
IUPAC name: butanoic acid ammonia ammonium butanoate 
common name: butyric acid ammonium butyrate 
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Properties of Acid Salts 


eUsually solids with no odor 


eCarboxylate salts of Na+, Kt, Lit, and NH,* are 
soluble in water. 


°Soap is the soluble sodium salt of a long-chain 
fatty acid. 


°Salts can be formed by the reaction of an acid 
with NaHCO,, releasing CO,. 


Tt 
R—C—O—H + NaHCO, ~=* R—C—O- Nat + HO + CO,Tt 
insoluble in water water soluble 
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ds 


Extraction of Carboxylic Ac 
a cas 


RCOOH other 
at organics 


ether 


(1) remove ether phase 


phase wine (1) remove HO phase (2) acidify with HCI (aq) 
5 ——e a) 
organics (2) add dilute NaOH RCOO (3) add fresh ether 


(or NaHCO,) 
H,0 
phase 


0 i 
i i i 
NaOH HCl 
R—C—OH BOF ed, = R—-C—0- Nat “P, — R—C—oH 
soluble in ether, but not in HO soluble in H2O, but not in ether soluble in ether, but not in HO 
260A | rte wy tr oa 
| organic | GF and H,O impurities ; 
e shake with ether | impurities sal H,0* gies acid 
mixture so acid | 
ether/water water)” acid salt ether 
(acid + impurities) STE fee 
water ga water); OP 
>| impurities jepunues 


°A carboxylic acid is more soluble in the organic phase, but its 
salt is more soluble in the aqueous phase. 


°Acid-base extractions can move the acid from the ether phase 
into the aqueous phase and back into the ether phase, leaving 


impurities behind. 
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Basic Hydrolysis of Fats and 


Oils 
; ? 
cH,—o—c_/VWWWW\ CH,—OH -o—Cc-/VWWW\ 
O O 


Gu WN OHS -o LWW 
CH—O—C iydialyats > P OH O—C 


O O 
| 
CH,—0—C/VWVWWW\ CH,—OH -9—Cc/VVWW 
fat or oil glycerol fatty acid salts 
(soap) 


¢ The basic hydrolysis of fats and oils produces 
soap (this reaction is known as saponification). 
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Some Important Acids 


*Acetic acid is in vinegar and other foods, and is 
used industrially as a solvent, catalyst, and 
reagent for synthesis. 


°Fatty acids are from fats and oils. 
*Benzoic acid is found in drugs and preservatives. 
°Adipic acid is used to make nylon 66. 


¢Phthalic acid is used to make polyesters. 
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IR Bands of Carboxylic Acids 


Feo cm! 
R—C—O—H 


q— 1690 cm! 


ee ae ee 
ee 


2500-3500 cm™! 2500-3500 cm7! 


°There will be two features in the IR spectrum of a 
carboxylic acid: the intense carbonyl stretching 
absorption (1710 cm”) and the OH absorption 
(2500-3500 cm’). 


*Conjugation lowers the frequency of the C=O band. 
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IR Spectroscopy 


wavelength (um) 
5 5,5 6 7 8 


14 15 16 


Ss 
Sh 


60} 


40 


20 


c=6 


—— mozp44-Z0zpaae 


ol | | | IAN | | Ul I 
400 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 


wavenumber (cm7!) 
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NMR of Carboxylic Acids 


O sextet (overlapping quartet of triplets) 
H—O—C—CH,—CH,—CH, 

611.2 62.4 61.6 61.0 

singlet triplet triplet 


*Carboxylic acid protons are the most deshielded 
protons we have encountered, absorbing between 
6 10 and 6 13. 


°The protons on the acarbon atom absorb 
between 
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NMR Spectroscopy 


200 180 


160 140 


120 100 80 60 40 20 0 
cbc; 

Oo 

ll 
Al HO—C—CH)— CH,—CH, 
peed 
Offset: 2.0 ppm Minareeed 

| : LU 
10 9 8 7 6 5 4 3 2 1 0 
5 (ppm) 
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MS of Carboxylic Acids 


H ft 1 (ial Be sw 
o ft— om iG 
ree) ~~ | | +f 
Pi TE HS IPS. 
HO co ~N HO 
“oN oe 
McLafferty rearrangement (mlz is even) 


loss of an alkyl group resonance-stabilized cation 
(n/z is odd) 


*The most common fragmentation is the loss of an 
alkene through the McLafferty rearrangement. 


eAnother common fragmentation is cleavage of the 
f—y bond to form an alkyl radical and a 
resonance-stabilized cation. 
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Mass Spectrometry 


@ Pearson 


abundance 


+ + 


H 
HL JH a et 
ee + J 
Cos CH, as ae 
HO” “cHy HO~ “CH, H ~H 
neutral, 
mlz 60 not observed 
ba HO 7 
ie] | 
I AL Ay, 
CH,CH,—-CH,—CH,—C—0H > CH,CH,- + C= CL OH 
— 73 neutral, H | 
not observed mlz 73 
100 6 | 
80 | | | 
- | CH;CH»CH,CH;COOH 
| | 7 
| 
40 | } 
7 | | 
20 - | } 
L ll | | 102 
0 T T Lj T T T : T T T T T T T 
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 


mlz 
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Synthesis Review 


*Oxidation of primary alcohols and aldehydes with 
chromic acid 


eCleavage of an alkene with hot KMnO, produces a 


carboxylic acid if there is a vinylic hydrogen 
present 


*Ozonolysis of an alkyne 


°Alkyl benzenes are oxidized to benzoic acid by hot 
KMnoO, or hot chromic acid. 
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Oxidation of Primary Alcohol 
to Carboxylic Acids 


O e€XCess O 

NaOCl, TEMPO I NaOCl, TEMPO | 
Ren On acy |: _ | ec lait 
* aldehyde _ carboxylic acid 


primary alcohol 


Example (not isolated) 


ess 
NaOCl, TEMPO | 
Ph—CH,—CH,—CH,—OH ; Ph—CH,—CH,—C—OH 
2 is or H,CrO,) 2 oe 
3-pheny|propan-1-ol * 3-phenylpropanoic acid 
¢Primary alcohols and aldehydes are commonly 
oxidized to acids by chromic acid (H,CrO, formed 
from Na,Cr,O, and H,SO,). 
¢Potassium permanganate is occasionally used, but 
the yields are often lower. 
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Cleavage of Alkenes Using 
KMnO, 


R R 
R R’ coned. KMnO. | | R’ 
Sce=cl “5 |H—C—C—R’” > R—COOH + O=CO 
R’ | R" 
alkene HO OH acid ketone 


glycol (not isolated) 


*Warm, concentrated permanganate solutions 
oxidize the glycols, cleaving the central C=C bond. 


*Depending on the substitution of the original 
double bond, ketones or acids may result. 
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Alkyne Cleavage Using Ozone 
or KMnO, 


R=C i. —> R—COOH + HOOC—R’‘’ 


R—C=C—R 
or (1) O; : : 
alkyne (2) H,0 (not isolated) carboxylic acids 
Example 
(1) O; 
CH,CH,CH,—C=C —Ph @ H oie CH,CH,CH,—COOH + Ph—COOH 
2! 


eWith alkynes, either ozonolysis or a vigorous 
permanganate oxidation cleaves the triple bond to 
give carboxylic acids. 
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Side-Chain Oxidation of 
Alkylbenzenes 


R(alkyl COOH 
ee Na,Cr,0,, H,SO,, heat 


or KMnO,, HO, heat ~ 


an alkylbenzene a benzoic acid 
(Z must be oxidation-resistant) 


Example 
CH, 
CH— CH, COOH 
Na,Cr,0,, H,SO, 
a’ 
heat 
Cl Cl 
p-chloroisopropylbenzene p-chlorobenzoic acid 
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Carboxylation of Grignard 
Reagents 


‘Oo 
g o=c+0; = a + — 

R—X ether R—Mgx a2 R—C—O Msgx —— R—C—OH 

(alkyl or 
aryl halide) 

O 
Example i ; 
Br MgBr C—O- MgBr COOH 
Cy ie — Cy . Cy 
ether 
bromocyclohexane cyclohexanecarboxylic acid 


¢Grignard reagents react with CO, to produce, after 
protonation, a carboxylic acid. 


eThis reaction is sometimes called “CO, insertion,” 
and it increases the number of carbons in the 
molecule by one 
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Hydrolysis of Nitriles 


NaCN = H*,H,0 | + 
R—CH,—X geetone” «=: RCH; —C=N! =o gg? = R-CH,-C—OH + NAY 
i 
Example CH,—Br CH,—C=N CH,—C— OH 
2 + 
NaCN H",H,0 
acetone + NH; 
benzyl bromide phenylacetonitrile phenylacetic acid 


°Basic or acidic hydrolysis of a nitrile (—CN) 
produces a carboxylic acid. 


*The overall reaction, starting from the alkyl halide, 
adds an extra carbon to the molecule. 
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Acid Derivatives 


*The group bonded to the acyl carbon determines 
the class of compound: 


-—OQOH, carboxylic acid 
-—Cl, acid chloride 
-—OR’, ester 

-~—NH,, amide 


*These interconvert via nucleophilic acyl 
substitution. 
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Nucleophilic Acyl Substitution 


Nucleophilic acyl substitution 


° 
R—C—X + Nuc? — R—C—Nuc + :X~ 
Acid derivatives 
I an 1 1 
R=—C—-GH R=—C=x R=—C—O-€—§ R=C—O—-E R—C—NH, 


carboxylic acid acy] halide anhydride ester amide 


°Carboxylic acids react by nucleophilic acyl 
substitution, where one nucleophile replaces 
another on the acyl (C=O) carbon atom. 
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Basic Hydrolysis of an 


EXAMPLE: Basic hydrolysis of ethyl benzoate. 


Step 1: Addition Step 2: Elimination 


Ester 


of hydroxide. of alkoxide. 
oO ‘Os 
P an Fs 
Ph—C—OCH,CH, == Ph i TOCH2CH; =— Ph ey *OCH,CH; 
-OH :OH ‘0-H 
ester + OH tetrahedral intermediate acid + alkoxide 
Step 3: Proton transfer. 
oO 
Te 4 it 
aa >OCH,CH, — > Ph—C x H—O—CH;CH; 
acid + alkoxide carboxylate + alcohol 
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Fischer Esterification 


Ht | 
R—C—OH + R—OH === R—C—O—R’ 


acid alcohol 


+ HO 


ester 
Examples 
O oO 
I H,SO, I 
=o CH,—C—O—CH,CH, + H,O 
eq fue 


COOH " COOCH, 
Cr excess CH,OH, H ot E 
Bibcsviinack eae 
COOH 


COOCH; 
dimethyl! phthalate 


*Reaction of a carboxylic acid with an alcohol 
under acidic conditions produces an ester. 


CH,—C—OH + CH,CH,—OH 


phthalic acid 


*Reaction is an equilibrium; the yield of ester is not 
high. 


°To drive the equilibrium toward the formation of 
@ PAQAUCtS, SE a LA IL.PKCRSS:OhiAl COD 
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Mechanism of the Fischer 


Protonation activates The alcohol adds. Deprotonation completes the reaction. 
the carbonyl. 
5 + -H se 
a, * | \ :O—H a H 
<6 Ht ee en 
ee oe ee R-C—OH === R-C—OH + ROH, 
a a ; 
R'—O—H — © ‘OR 
(species in brackets are resonance-stabilized.) R—O—H ester hydrate 


°Step 1: 
- The carbonyl oxygen is protonated to activate the 
carbon toward nucleophilic attack. 
- The alcohol attacks the carbonyl carbon. 
- Deprotonation of the intermediate produces the ester 
hydrate. 
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Mechanism of the Fischer 
Esterification (Continued) 


Protonation prepares Water leaves. Deprotonation completes the reaction. 
the OH group to leave. 


O—H cO—H 6— O: 
| Ht | UH Tia \. I ie 
oe — — =— Iir-—c ROH == R-C. + ROH, 
Soap’ SOR’ 
OR :OR’ ?OR' | 4 H,O ° 
protonated ester ester 


°Step 2: 
~ Protonation of one of the hydroxide groups creates a 
good leaving group. 
- Water leaves. 
- Deprotonation of the intermediate produces the ester. 
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Solved Problem 1 


Ethyl orthoformate hydrolyzes easily in dilute acid to give formic acid 
and three equivalents of ethanol. Propose a mechanism for the 
hydrolysis of ethyl orthoformate. 


OCH,CH; oO 
Ht | 
H—C—OCH,CH; ho” ZN + 3CH;CH,OH 
= H OH 
OCH2CHs formic acid ethanol 


ethyl orthoformate 


Solution 

Ethyl orthoformate resembles an acetal with an extra alkoxy group, 

so this mechanism should resemble the hydrolysis of an acetal 
(Section 18-18). There are three equivalent basic sites: the three 
oxygen atoms. Protonation of one of these sites allows ethanol to 
leave, giving a resonance-stabilized cation. Attack by water gives an 
intermediate that resembles a hemiacetal with an extra alkoxy group. 

: :OEt 
H [get is H uy OH 
l Ge, : | “Sa - < 
:OEt :OEt " :OEt :OEt 


:OEt :OEt 
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Solved Problem 1 (Continued) 


Solution (continued) 
Protonation and loss of a second ethoxyl group give an intermediate 
that is simply a protonated ester. 


a - 
i.” es Te q LR Zo A) #20: I as 
H—C—OH == H—COH == |H—C | =—— H—C—O—Et 
| OEt 
OEt *OEt > 
protonated ester ethyl formate 


Hydrolysis of ethyl formate follows the reverse path of the Fischer 
esterification. This part of the mechanism is left to you as an 
exercise. 
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Esterification Using 


Diazomethane 
1 1 
R—C—OH + _ CHN, > R—C—O=CH; + Nyt 
acid diazomethane methyl] ester 
By 
Me OOH COOCH, 
CH,N, *b N,* 
> 
cyclobutanecarboxylic acid methyl! cyclobutanecarboxylate (100%) 


°Carboxylic acids are converted to their methy! 
esters very simply by adding an ether solution of 
diazomethane. 


°The reaction usually produces quantitative yields 
of ester. 


*Diazomethane is a very toxic, explosive, yellow., 
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Mechanism of Diazomethane 
Esterification 


Step 1: Proton transfer, forming a carboxylate ion and a 
methyldiazonium ion. 


° 
> R-C—Or + CH,—N=N: 


carboxylate ion methyldiazonium ion 


Step 2: Nucleophilic attack on the methyl group displaces nitrogen. 
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Synthesis of Amides 


oO 
fl ; Nl Be ies o— 
R-—C—0H + R*—NH, 7" R-C—Or FHN=E > R—C—NH—R’ + HOt 
acid amine an ammonium carboxylate salt amide 
Example ? 
+ oe 
COOH COO- H,NCH,CH, C—NHCH,CH, 
x hed 
Oo + CH,CH,NH, —> of — Oo + HOt 
benzoic acid ethylamine ethylammonium benzoate N-ethylbenzamide 


°The initial reaction of a carboxylic acid with an 
amine gives an ammonium carboxylate salt. 


*Heating this salt to well above 100 °C drives off 
steam and forms an amide. 
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LiAIH, or BH, Reduction of 
Carboxylic Acids 
O 


| (1) LiAIH, 
R—C—OH @ H,0* > 
acid ' 


R—CH,—OH 
primary alcohol 
Example 


O 
| (1) LiAIH, 
CLACHOk sar CH,—CH,OH 


— (75%) 
phenylacetic acid 2-phenylethanol 


*LiAIH, reduces carboxylic acids to primary 
alcohols. 


°The intermediate aldehyde reacts faster with the 
reducing agent than the carboxylic acid. 


*Borane can also reduce the carboxylic acid to the 
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Reduction of Acid Chlorides to 
Aldehydes 


10%) Lit fe) 
I I I ; 
R—C—Cl + LiAIH(O--Bu); —2 R—C—Cl + Al(O--Bu); —> R—C—H + LCI 


aca TS aldehyde 
chloride H 
Example 
Step 1: Conversion to the acid chloride. Step 2: Reduction to the aldehyde. 
ll SOcl I LiAIH(O-1-Bu). I 
CH,—CH—C—OH 25 CH, a c—cl AOE SCH, a C—H 
CH, CH, CH, 
isobutyric acid isobutyryl chloride isobutyraldehyde 


eLithium aluminum tri(tert-butoxy)hydride is a weaker 
reducing agent than lithium aluminum hydride. 


elt reduces acid chlorides because they are strongly activated 
toward nucleophilic addition of a hydride ion. 


eUnder these conditions, the aldehyde reduces more slowly, 
and it is easily isolated. 
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Conversion of Carboxylic Acids 
to Ketones 


(1) 2R—Li 


k—C—=O =H (HO R=Gk oF. Ri 
Example O 
| 
COOH C—CH,CH, 
(1) 2 CH;CH,—Li 
— 
(2) H,O 
benzoic acid propiophenone 


°A general method of making ketones involves the 
reaction of a carboxylic acid with two equivalents 
of an organolithium reagent. 
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Mechanism of Ketone 


Fo O OLi 
onan = , 
R—C—OH > RH + R=-C—OW > R ‘i OLi 
boxylic acid 
carboxylic aci RAL R’ 
dianion 
OLi OH 
| «HOt | I 
R i OLi > R—C—OH — R—C—R’ + HO 
R’ R’ ketone 
dianion hydrate of ketone 


°The first equivalent of organolithium acts as a 
base, deprotonating the carboxylic acid. 


The second equivalent adds to the carbonyl. 


*Hydrolysis forms the hydrate of the ketone, which 
converts to the ketone. 
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Synthesis of Acid Chlorides 


9 
! cl—S—cl | 
R—C—OH =o R—C—Cl 
or || | 
aici 


°The best reagents for converting carboxylic acids 
to acid chlorides are thionyl chloride (SOCI,) and 
oxalyl chloride (COCI,). 


They form gaseous by-products that do not 
contaminate the product. 
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Mechanism of Acid Chloride 
Formation 


Step 1: _* e = ¢ io e 
R-C=G_S TG — R—C=Q—8—O — R—C—O—s—Oi 
cl cl cl 
(oe 
‘OSH O oO ° +HCl 


Step 2: Pela re i i. 
R— s o— uv £3: — R— c—O— s—cl — R—C—0—S—Cl 


a chlorosulfite anhydride 


weld aed ad R—C sO, + Cl 
ey Oe) ee yr ae —> 802 -t Sr 
he a “a 
cr a 
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Effective Esterification of a 
Carboxylic Acid 


? 
(COC). 7 
R—-C—OH a> c-c) S84, R+c—o-R + HCI 
acid A acid chloride ester 
Example 
I soci, I CH,CH,—OH I S 
Ph—C—OH —— Ph—C—Cl ———ase Ph—C—0—CHCH, + 
pyridine ues 

benzoic acid benzoyl chloride ethyl benzoate ne 
i 
H cl 


eEsterification of an acyl chloride is more efficient 
than the Fischer esterification. 
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Amide Synthesis 


1 | 

R—C—Cl + R’—NH, > R—C—NH—R’ + HCl 

acid chloride amine amide 
Example 

O H 

er i | 
CH,—C—Cl + CH,—NH, > CH,—C—N—CH, + NaCl + H,O 
acetyl chloride methylamine N-methylacetamide 


eAmmonia and amines react with acid chlorides to 
give amides 


*NaOH, pyridine, or a second equivalent of amine 
is used to neutralize the HCI produced in order to 
prevent protonation of the amine. 
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